A capacitor includes a first electrode and a second electrode, and a dielectric layer sandwiched between the first electrode and the second electrode, wherein the dielectric layer includes Pb(Zr,Ti,M)O, (where M is at least one material selected from Nb. Ta, and V, and x-y--Z=1).
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2. Description of Related Art Various types of capacitors are utilized as constructional elements in semiconductor devices, as for example disclosed in Japanese Unexamined Patent Applications, First Publica tions Nos. H07-226485, H09-1394.80, H05-82801, and H05 47587. For example, in oscillator circuits or power supply circuits which are implemented as semiconductor devices, capacitors are utilized for an operational amplifier (op-amp) oscillation prevention, stabilization, and Smoothing, and in booster circuits and the like.
As such a capacitor, if it is to be fitted internally to a circuit which is being constructed, a structure is often utilized in which a dielectric layer such as a silicon oxide layer, a silicon nitride layer, or an oxidized silicon nitride layer or the like is sandwiched between upper and lower electrode layers which are made from silicon, metal, or titanium nitride, aluminum nitride, or the like. Furthermore, as a type of capacitor which is utilized for being fitted externally to a circuit or the like, there is a type which consists of a layered condenser which includes a dielectric layer made from a ceramic Such as titanium barium oxide or the like. Furthermore, normally, for making this type of capacitor, and in particular for making its dielectric layer, a spattering method or a CVD method or a laser ablation method or the like is employed.
In this connection, the capacitance of a capacitor is proportional to the permittivity and to the area of its dielec tric layer, and is inversely proportional to its thickness. Accordingly, if it is desired to produce a capacitor of Small size and high capacitance for being fitted internally to a circuit, from the point of view of leak current, it is antici pated to increase its capacitance by making its dielectric layer from a material which has high permittivity. On the other hand, if it is desired to produce a capacitor which is to be fitted externally to a circuit, there is a strong demand to keep the cost of manufacture low and to enhance the yield rate, so that it is desirable to be able to manufacture the capacitor with a verythin dielectric layer in an easy manner.
Against this background, when the permittivity of the dielectric layer of a capacitor is considered in relation to the area and the layer thickness of the capacitor, it is considered desirable for this permittivity to be at least 300 in the case of a capacitor which is to be fitted internally to a circuit, and at least 1000 in the case of one which is to be fitted externally.
However, for a capacitor which is manufactured in the interior of a circuit, it is possible to utilize a layer of silicon oxide, a layer of silicon nitride, or a layer of oxidized silicon nitride or the like as the dielectric layer, these dielectric layers have a low permittivity which is less than or equal to 10, and accordingly, in order to enhance their capacitance, it is necessary to increase their area, or the like. If the area of the capacitor is increased in this manner, then the area which the capacitor occupies in the circuit becomes undesirably large, and this undesirably hinders the task of making the circuit more compact.
As materials which have high permittivity there are, for example, strongly dielectric materials such as titanium sili con oxide lead oxide and titanium barium oxide and the like.
With this type of strongly dielectric material, it is necessary to keep the temperature at which their layer is manufactured to be below 450° C., due to the influence which is exerted upon other semiconductor elements and lead wires which are provided within the same semiconductor device. How ever, at this kind of low temperature, it is difficult for crystallization to take place, and accordingly the dielectric layer which is obtained is indeed one which has a high permittivity as compared with a silicon oxide layer or the like, but still it is not possible for it to attain the desired very high permittivity. In addition, the variation of the permit tivity with respect to change of frequency and change of temperature is large, so that, from this point of view, the resulting component is one which is inferior, as compared to one which employs a silicon oxide layer or the like.
In addition, in a method of manufacture of this type of capacitor, and in particular since its dielectric layer is manufactured by utilizing a spattering method, a CVD method, a laser ablation method or the like, there are the problems that the initial cost which is required for purchase of a large scale layer manufacturing device becomes high, and furthermore the running cost also becomes high, since a large amount of energy is needed for manufacturing the layers. Moreover, if patterning is performed by etching after layer manufacture, the efficiency of utilization of the raw material is poor, and also the cost becomes undesirably high since various liquid chemicals come to be required for photo-litho masking and etching; furthermore, there is the problem that the productivity is deteriorated, since the number of processes is augmented.
On the other hand, in the case of manufacture of a capacitor which is intended to be fitted externally to a circuit, such as one which is made from a ceramic Such as titanium barium oxide or the like, while the cost of the capacitor itself remains low, there are problems such as the fact that assembly cost is entailed by positioning the capaci tor when fitting it externally and by bonding it or the like to other elements, and with regard to yield and so on, so that it is not possible to attain Sufficient cost reduction.
The present invention has been conceived in the light of the above described problems, and it takes as its objective to provide: a capacitor which, due to incorporating a dielectric layer of high permittivity, is capable of promoting the compactness of a device in which it is incorporated; a method of manufacture of a capacitor which is capable of producing this capacitor at a low cost; and a semiconductor device which incorporates this type of capacitor.
SUMMARY OF THE INVENTION
The first aspect of the present invention is a capacitor having a first electrode and a second electrode, and a dielectric layer sandwiched between the first electrode and the second electrode, wherein the dielectric layer includes Pb(ZrTi,M)O, (where M is at least one material selected from Nb, Ta, and V, and X-Y--Z1).
According to this capacitor, the permittivity of this dielec tric layer which has as its principal component Pb (ZrTi,M) O is high. Accordingly, it becomes possible to make a device in which this capacitor is included more compact.
3 Furthermore, with this capacitor, it is desirable for the composition ratio of Zr, Ti and M within the Pb(ZrTi,M.) O. satisfies the following equation: 0.2s Z/(x+y)s 0.9
When this is done, the permittivity of this dielectric layer which has as its principal component Pb(Zr,Ti,M.)O, becomes yet higher. Furthermore, with this capacitor, it is desirable for Si to be added to the dielectric layer. Moreover, it is desirable for this Si to be added to the dielectric layer as a metallic silicate in an amount greater than or equal to 0.1 mole percent and less than or equal to 10.0 mole percent.
When this is done, it is possible to reduce the firing temperature when forming the dielectric layer, because the Si acts as a catalyst. Accordingly, if for example other semiconductor elements or lead wires or the like are formed upon the base, it becomes possible to reduce the thermal influence which is exerted upon them. Furthermore, if the amount of the Si which is added as a metallic silicate is less than 0.1 mole percent, then the action of this Si as a catalyst does not appear sufficiently well; while, if the amount of the Si which is added as a metallic silicate is greater than 10.0 mole percent, then the permittivity is deteriorated, because the amount of the Pb(Zr,Ti,M)O, is relatively reduced. Furthermore, with this capacitor, it is desirable for the dielectric layer to be in the amorphous phase, or to be in a mixture of the amorphous phase and the crystalline phase.
By ensuing that a certain amount of the amorphous phase is included in this manner, it becomes possible to form the dielectric layer by firing at a comparatively low temperature. Accordingly, if for example other semiconductor elements or lead wires or the like are formed upon the base, it becomes possible to reduce the thermal influence which is exerted upon them. Furthermore, with this capacitor, it is desirable for the dielectric layer to be in a mixture of the amorphous phase and the crystalline phase, and the crystalline phase to be formed in a discontinuous state between the first electrode and the second electrode.
When this is done, since the crystalline phase is formed in a discontinuous between the first electrode and the second electrode, therefore the dielectric layer does not have a strong hysteresis characteristic, with respect to the relation ship between its amount of polarization and the Voltage which is applied, like a strongly dielectric material. Accord ingly, its behavior is easily controlled, and it becomes easy to design a circuit to which this capacitor is fitted, and moreover the losses of energy in Such a circuit become Small. A second aspect of the present invention is a method of manufacture of a capacitor having a structure in which a dielectric layer is sandwiched between a first electrode and a second electrode, comprising the steps of forming the first electrode upon a base, depositing upon the first electrode by a droplet discharge method a liquid material containing a precursor compound for Pb(Zr,Ti,M)O, (where M is at least one material selected from Nb, Ta, and V, and x-y--Z=1), and forming the dielectric layer including Pb(Zr.
Ti,M)O, (where M is at least one material selected from Nb, Ta, and V, and x+y+Z=1) by heat processing the depos ited liquid material.
According to this method of manufacture of a capacitor, it is possible to manufacture a dielectric layer of high permittivity which has Pb(Zr,Ti,M)O, as its principal com ponent, and thereby it is possible to anticipate making a device to which this capacitor having this type of dielectric layer is fitted more compact. Furthermore, since the liquid material is deposited by a droplet discharge method, and then the dielectric layer is formed by heat processing this liquid material, accordingly the requirement for a large scale layer manufacturing device is eliminated, and moreover it becomes possible to reduce the cost, since economies are realized from the point of view of efficiency of use of the Source material and in energy consumption and the like. Yet further, since by depositing the liquid material in the desired position it becomes unnec essary to perform patterning by etching, accordingly the dielectric layer is no longer damaged as a result of Such etching. Furthermore, with this method of manufacture of a capacitor, it is desirable for there to be further included a step of, before the step of depositing upon the first electrode by the droplet discharge method the liquid material includ ing the precursor compound, forming a self organizing layer upon the Surfaces of the base and the first electrode using fluoroalkylsilane. Yet further, it is desirable for there to be further included a step of, after the step of forming a self organizing layer upon the Surfaces of the base and the first electrode using fluoroalkylsilane, irradiating light upon the fluoroalkylsilane which has been formed upon the surface of the first electrode.
If this is done, when depositing the liquid material upon the first electrode, the liquid material is prevented from spreading out from upon the first electrode over its periphery and off it, since the liquid repellent section which is made from fluoroalkylsilane is formed upon the base surface around the periphery of the first electrode. Accordingly, it becomes possible to form a dielectric layer of the desired shape upon the first electrode. Furthermore, with this method of manufacture of a capacitor, it is desirable, in the step of forming the dielectric layer by heat processing the liquid material for the tempera ture for heat processing to be less than or equal to 450° C.
When this is done, if for example other semiconductor elements or lead wires or the like are formed upon the base, it becomes possible to reduce the thermal influence which is exerted upon them. Furthermore, with this method of manufacture of a capacitor, it is desirable for the first electrode to be made by the steps of depositing upon the base by a liquid drop discharge method a first liquid material in which first minute particles are dispersed in a first dispersion medium, elimi nating the first dispersion medium by heat processing the first liquid material, and sintering the first minute metallic particles.
When this is done, since, for the first electrode as well, liquid material is deposited by using a droplet discharge method, and this liquid material is Subjected to heat pro cessing to form the first electrode, accordingly the require ment for a large scale layer manufacturing device is elimi nated, and moreover it becomes possible to reduce the cost, since economies are realized from the point of view of efficiency of use of the Source material and in energy consumption and the like. Furthermore, with this method of manufacture of a capacitor, it is desirable for the second electrode to be made by the steps of depositing upon the base by a droplet discharge method a second liquid material in which second minute particles are dispersed in a second dispersion medium, eliminating the second dispersion medium by heat processing the second liquid material, and sintering the second minute metallic particles.
When this is done, since, for the second electrode as well, liquid material is deposited by using a droplet discharge 5 method, and this liquid material is subjected to heat pro cessing to form the second electrode, accordingly the requirement for a large scale layer manufacturing device is eliminated, and moreover it becomes possible to reduce the cost, since economies are realized from the point of view of efficiency of use of the source material and in energy consumption and the like. Furthermore, with this method of manufacture of a capacitor, it is desirable for the first minute metallic particles to be minute particles made from at least one of platinum, iridium, ruthenium, gold, or silver, and for the heat process ing temperature at which the first minute metallic particles are sintered to be less than or equal to 400° C.; and, moreover, it is desirable for the second minute metallic particles to be minute particles made from at least one of platinum, iridium, ruthenium, gold, or silver, and for the heat processing temperature at which the second minute metallic particles are sintered to be less than or equal to 400° C.
When this is done, it becomes possible to manufacture an electrode which is made from a metallic layer which has low electrical resistance, and which is stabilized so that it cannot easily oxidize. Furthermore, since the heat processing tem perature is kept less than or equal to 400° C., accordingly, if for example other semiconductor elements or lead wires or the like are formed upon the base, it becomes possible to reduce the thermal influence which is exerted upon them.
A third aspect of the present invention is a semiconductor device, which includes a capacitor as described above, or a capacitor which has been manufactured by a method as described above.
With this semiconductor device, by incorporating a capacitor which has been made more compact by equipping it with a dielectric layer of high permittivity, it becomes possible to make the semiconductor device itself more compact as well.
Furthermore, in particular, if the dielectric layer is manu factured by using a droplet discharge method, then it becomes possible to reduce the overall cost.
A fourth aspect of the present invention is a method of manufacture of a capacitor having a structure in which a dielectric layer is sandwiched between a first electrode and a second electrode, having the steps of forming the first electrode upon a base; a process of depositing upon the first electrode by a droplet discharge method a liquid material which includes a material for forming the dielectric layer, forming the dielectric layer by heat processing the deposited liquid material; and forming the second electrode upon the dielectric layer.
With this method of manufacture of a capacitor, since the dielectric layer is manufactured by depositing a liquid material with a droplet discharge method, and this liquid material is then Subjected to heat processing, accordingly the requirement for a large scale layer manufacturing device is eliminated, and moreover it becomes possible to reduce the cost, since economies are realized from the point of view of efficiency of use of the source material and in energy consumption and the like. constitutes a preferred embodiment of the present invention, may, for example, be used as capacitors 1a which replace internal capacitors in a prior art type of circuit, and further more as a capacitor 1b which replaces an externally fitted capacitor for such a circuit.
Here, in the semiconductor device 50, various transistors and memory elements are formed from CMOS transistors or the like upon a substrate 51, and furthermore various lead wires or plugs or the like which electrically connect between them or between the capacitors 1a and 1b are formed upon insulating layers between layers or within insulating layers between layers. Furthermore, the structures up to the inter layer insulating layer 52 which constitute the backing upon which the capacitors 1a and 1b are formed will, from the point of view of the present invention, simply be referred to as the base 53. In addition, a protective layer and lead wires and the like are formed over the capacitors 1a and 1b, and moreover an insulating layer is formed so as to cover these, although this matter is not shown in the drawings.
As shown in FIG. 1, the capacitor 1 which is utilized as the capacitors 1a and 1b is one which is made upon the inter-layer insulating layer 52 (i.e. upon the base 53) which is made from, for example, polyimide, and the capacitor 1 includes a first electrode 2 which is formed upon the inter-layer insulating layer 52, a dielectric layer 3 which is formed over the first electrode 2, and a second electrode 4 which is formed over the dielectric layer 3. In other words, this capacitor 1 is one which is made by sandwiching the dielectric layer3 between the first electrode 2 and the second electrode 4, and an embedded lead wire 5 which is formed in the inter-layer insulating layer 52 is connected to the first electrode 2, while furthermore another lead wire (not shown in the drawings) is connected to the second electrode 4.
In this first preferred embodiment of the present inven tion, both the first electrode 2 and the second electrode 4 are sintered metallic bodies which are made by sintering minute metallic particles. In concrete terms, they are made by sintering minute particles which are made from at least one material selected from platinum, iridium, ruthenium, gold, and silver. 7 The dielectric layer 3 is made from a material which has, as its principal component, Pb(Zr,Ti,M)O, (where M is at least one material selected from Nb, Ta, and V, and x-y--Z=1) which is made by adding another metal to titanium zirconium oxide lead oxide (Pb(ZrTi)O). With this dielec tric layer 3, its permittivity becomes higher as compared to one which is made from, for example, titanium Zirconium oxide lead oxide (Pb(ZrTi)O), and accordingly it becomes possible for the above described capacitor 1 which includes Pb(Zr,Ti,M)O, to have a higher capacitance as compared with the prior art; while, if it is designed to have the same capacitance as in the prior art, it becomes possible to make it more compact.
With this type of dielectric layer 3, it is desirable for the composition ratio of Zr, Ti, and M in the Pb(Zr,Ti,M)O, to satisfy the relationship 0.2s Z/(x+y)s 0.9; and, furthermore, it is more desirable for it to satisfy the relationship x/ys 1.5. If this is done, as will be described hereinafter, the permit tivity of this dielectric layer 3 which includes the Pb(Zr.
Ti,M)O, as its principal component becomes greater, and accordingly it becomes easier to promote increase of its capacitance, and/or to make it more compact. Furthermore, with this dielectric layer 3, it is desirable for Si to be added as a component other than the Pb(ZrTi,M.)
O which constitutes its principal component. Moreover, in this case, it is desirable for the Si to be added as a metallic silicate to the dielectric layer 3 in greater than or equal to 0.1 mole percent and less than or equal to 10.0 mole percent, and it is more desirable for it to be added in greater than or equal to 0.5 mole percent and less than or equal to 8.0 mole percent; and it is even more desirable for it to be added in greater than or equal to 1.0 mole percent and less than or equal to 5.0 mole percent. When Si is added in this manner, this added Si comes to act as a catalyst when firing the precursor material for the dielectric layer 3 and forming the oxide as a principal component, as will be explained here inafter. In other words, even if it is arranged for the firing temperature to be low, a crystalline layer of Pb(Zr,Ti,M)O is caused to be formed due to the action of this catalyst, and accordingly it becomes possible to obtain a high permittiv ity. Furthermore, due to the fact that it is possible to set the firing temperature to be low, it also becomes possible to reduce the thermal influence upon the other semiconductor elements (such as CMOS circuitry and the like) and upon the lead wires upon the base 53. Furthermore, if the quantity of Si which is added as a metallic silicate becomes less than 0.1 mole percent, then the action of the Si as a catalyst is no longer exhibited satisfac torily; whereas, if it is greater than 10.0 mole percent, then the permittivity is deteriorated because the amount of Pb(Zr. Ti,M)O, is relatively reduced. Furthermore, as an added amount so that, at the same time as causing this type of action of the Si as a catalyst to appear satisfactorily, dete rioration of the permittivity does not occur, it is desirable for the quantity of Si which is added as a metallic silicate to be greater than or equal to 0.5 mole percent and less than or equal to 8.0 mole percent; and it is more desirable for this quantity to be greater than or equal to 1.0 mole percent and less than or equal to 5.0 mole percent.
Here when, as will be explained hereinafter, the precursor material for the dielectric layer 3 is fired so as to create an oxide (the dielectric layer 3) which has as its principal component the Pb(Zr,Ti,M)O, then the dielectric layer 3 which is obtained comes to be in the amorphous phase, or in a mixed State of the amorphous phase and the crystalline phase, and in particular, if Si has been added as has been By bringing about a state which includes a proportion of the crystalline phase in this manner, the dielectric layer 3 comes to be one which is made by firing at a comparatively low temperature. Accordingly, it becomes possible to reduce the thermal influence which is exerted upon the other semiconductor elements (such as CMOS elements and the like) and upon the lead wires and the like which are provided upon the base 53, as previously explained.
Furthermore, in particular, if the dielectric layer 3 comes to be in a mixed state which includes a proportion of the crystalline phase, then it is desirable for the crystalline phase to be created in a discontinuous state, and not in a state in which it is continuous between the first electrode 2 and the second electrode 4. If the crystalline phase is created in a discontinuous state between the first electrode 2 and the second electrode 4 in this manner, then this dielectric layer 3, in the relationship between its amount of polarization and the Voltage which is applied, ceases to have any hysteresis, like a strong dielectric. Accordingly, it becomes easy to control its behavior, so that the design of circuits in which it is incorporated becomes easy, and furthermore the losses of energy are also reduced.
Next, a preferred embodiment of the method of manu facture of a capacitor according to the present invention will be explained based upon a method of manufacture of the capacitor 1 with the above described structure. Furthermore, by way of example, this preferred embodiment of the method of manufacture of a capacitor according to the present invention will be described in terms of the case of its application to the manufacture of the capacitor 1 (1a, 1b) in the semiconductor device 50 shown in FIG. 2. Furthermore, the droplet discharge method of the present invention is a method of forming a desired pattern by discharging droplets which are made from a liquid material in a desired pattern upon a base, and it may be generically described as an inkjet method or the like. However, as the liquid material (the droplets) which is to be discharged, this is not a so called ink which is used for printing, but is a liquid material which includes various types of Substances for manufacturing devices, and as such substances, in concrete terms, there may be suggested Substances which are endowed with a function of acting as electrically conductive Substances or insulating Substances, or the like.
First, before explaining the concrete method of manufac ture of the capacitor 1, an example of a discharge head which is used in a droplet discharge method will be explained.
As shown in FIGS. 3A and 3B, this discharge head 34 includes a nozzle plate 12 which is for example made of stainless steel, and a vibrating plate 13, and these are connected together via a partition member (a reservoir plate) 14. A plurality of cavities 15 and a reservoir 16 are defined between the nozzle plate 12 and the vibrating plate 13 by the partition member 14, and these cavities 15 and the reservoir 16 are communicated together via flow conduits 17.
Liquid material is filled within the interiors of these The vibrating plate 13 with this structure, and to which the piezoelectric elements 20 are connected, is integral with the piezoelectric elements 20 and flexes towards the outside at the same time as each of them does, so that thereby the volumes of the corresponding ones of the cavities 15 are made to increase. When this occurs, if the interior of the cavities 15 and the interior of the reservoir 16 are connected together, and liquid material is charged into the reservoir 16, then an amount of the liquid material which corresponds to the proportion by which the volume of the cavity 15 has increased flows from the reservoir 16 via the corresponding flow conduit 17 into that cavity 15.
In addition, when, from this state, Supply of electrical power to the piezoelectric element 20 corresponding to that cavity 15 is cut off, the piezoelectric element 20 and the vibrating plate 13 both return to their original states together. Accordingly, the cavity 15 also returns to its original Vol ume, so that the pressure of the liquid material in the interior of that cavity 15 rises, and the liquid material is discharged from the corresponding nozzle 18 as liquid drops 22.
Furthermore, as a discharge device for the discharge head, it would also be acceptable to utilize some device other than the above described electromechanical conversion element employing the piezoelectric elements (piezo element) 20: for example, it would also be possible to employ a method which utilized an electro-thermal conversion element as the energy generation element, or a so called continuous method of an electrification control type or of a pressure vibration type, or an electrostatic attraction method, or a method in which heat was generated in the liquid material by irradi ating it with electromagnetic radiation from a laser or the like, and the liquid material was discharged by the action of this generated heat. (A Method of Manufacture of the First Electrode)
First, as shown in FIG. 4A, liquid material which includes minute metallic particles is deposited in desired positions upon the base 53 (upon the interlayer insulating film 52), in other words upon the embedded lead wire 5, by utilizing a droplet discharge method (an inkjet method) using the discharge head 34. These minute metallic particles which are included in the liquid material in other words the minute metallic particles which constitute the material for formation of the first electrode 2, consist of one or a plurality of types of material selected from platinum, iridium, ruthenium, gold, silver, and the like, and these minute metallic particles are dispersed within the liquid material which acts as a dispersion medium. It is desirable for the diameter of the metallic particles to be greater than or equal to 50 nm and less than or equal to 0.1 um, and, by their diameter being within this range, it becomes easy to disperse them in the dispersion medium, and moreover the quality of the dis charge from the discharge heat 34 becomes good. Further more, it would also be acceptable to enhance the dispers ability of the minute metallic particles within the dispersion medium by coating their Surfaces with an organic material or the like.
As the dispersion medium in which the minute metallic particles are dispersed, it is desirable for its vapor pressure at room temperature to be greater than or equal to 0.001 10 mmHg and less than or equal to 200 mmHg. This is because, if the vapor pressure of the dispersion medium at room temperature is greater than 200 mmHg, then, when forming the layer applied by discharge, the medium evaporates too quickly, which is undesirable, and it is difficult to form an applied layer of good quality. On the other hand, if the vapor pressure of the dispersion medium at room temperature is less than 0.001 mmHg, then the speed of drying becomes rather slow, and it becomes easy for some of the dispersion medium to remain within the applied layer, so that, after Subsequent processing by thermal irradiation, there is a difficulty in obtaining an electrically conductive layer of good quality. Furthermore, in particular, if the vapor pres sure of the dispersion medium is less than 50 mmHg, then it becomes difficult for a nozzle blockage to occur due to drying when discharging the droplets from the discharge head 34, so that this condition is more desirable, in order to make it possible to obtain a stable discharge.
As the solvent which is utilized, this is not particularly limited, provided that it is one in which the minute metallic particles can be dispersed properly without any occurrence of cohesion. In concrete terms, apart from water, there may be suggested alcohol type solvents such as methanol, etha nol, propanol, butanol or the like, hydrocarbon type solvents Such as n-heptane, n-octane, decane, toluene, Xylene, cymene, durane, indene, dipentene, tetrahydronaphthalene, decahydronaphthalene, cyclohexylbenzene, or the like, ether type solvents such as ethylene glycol dimethyl ether, ethyl ene glycol diethyl ether, ethylene glycol methyl ethyl ether, diethylene glycol dimethyl ether, diethylene glycol diethyl ether, diethylene glycol methyl ethyl ether, 1,2-dimethoxy ethane, bis(2-methoxy-ethyl)ether, p-dioxane, or the like, or polar solvents such as propylene carbonate, Y-butyrolactone, N-methyl-2-pyrrolidone, dimethyl formamide, dimethylsul foxide, cyclohexanon, or the like. Among these, from the point of view of dispersability of the minute metallic par ticles and stability of the dispersion, and from the point of view of easiness of applicability to an inkjet method, water, alcohol type solvents, hydrocarbon type solvents, and ether type solvents are preferred, and, furthermore, water or a hydrocarbon type dispersion medium may be considered as being the most desirable type of solvent, The dispersion medium which is employed may be one of these dispersions mediums by itself, or may be a mixture of two or more thereof.
When forming the dispersion by dispersing the minute metallic particles in the dispersion medium, it is desirable for the concentration of the minute metallic particles within the dispersion medium to be greater than or equal to 1 weight '% and less than or equal to 80 weight percent, and, in particular, it is desirable to adjust this concentration within this range according to the layer thickness of the metallic layer which is being formed (the first electrode 2). This is because, if this concentration is greater than 80 weight%, then it becomes difficult to obtain an even applied layer because clumps of the minute metallic particles can easily form; while, if this concentration is less than 1 weight %, then a long time period comes to be required for drying in order to evaporate the dispersion medium, and accord ingly the productivity of the process is deteriorated.
Furthermore, according to requirements, within the range in which it does not lose its desired functions, it would also be acceptable to add a minute quantity of a Substance for Surface tension adjustment, such as a fluoride type material, a silicon type material, a non-ionic type material, or the like, to the dispersion medium for the minute metallic particles. A non-ionic type substance for Surface tension adjustment serves several functions: it is beneficial for improvement of the wetting by the dispersion of the surface of the object which is to be covered, it ensures improved levelness of the resultant layer, it generates rashes in the resultant layer, and it serves to prevent occurrence of a so-called orange peel surface, or the like. With regard to the dispersion of minute metallic particles which has been prepared by the addition of Such a non-ionic type substance for Surface tension adjust ment, it is desirable for its viscosity to be greater than or equal to 1 mPa is and less than or equal to 50 mPas. This is due to the fact that, if the viscosity is less than 1 mPas, then it is easy for the peripheral edge portion of the nozzle of the liquid drop discharge head 34 to become wetted by dis charge of the liquid material, which is undesirable; while, if the viscosity is greater than 50 mPas, then the frequency of lumps occurring at the nozzle aperture undesirably increases. Furthermore, with regard to this dispersion of the minute metallic particles which has been prepared in this manner, it is desirable for its surface tension to be within a range of greater than or equal to 2.0x10 N/m and less than or equal to 7.0x10 N/m. This is due to the fact that, if the surface tension is less than 2.0x10 N/m, then it becomes easy for bending the droplet orbit to occur, since the wettability of the material which makes up the ink with respect to the surface of the nozzle is increased; while, on the other hand, if the surface tension is greater than 7.0x10 N/m, then it becomes difficult to control the amount of discharge of the material which makes up the ink and its discharge timing, since the state of the meniscus at the nozzle tip is not stable.
This kind of liquid with the minute metallic particles dispersed in it is deposited in the desired position upon the inter-layer insulating layer 52 by the discharge head 34, and, after the desired pattern has been painted with this liquid with dispersed minute metallic particles, heat processing is performed upon this liquid with dispersed minute metallic particles by heating up the base 53. When this is done, the dispersion medium is eliminated from the liquid with dis persed minute metallic particles, and furthermore the minute metallic particles are Subjected to sintering, so that, as shown in FIG. 4B, sufficiently good electrical contact is established between the minute particles; and thereby the first electrode 2 is formed.
It is possible to employ conventionally utilized conditions as the conditions of heat processing, since they are not particularly limited. For example, as the Surrounding pres Sure, it will be acceptable to perform the heat processing at atmospheric pressure, and moreover, according to require ments, it will also be acceptable to perform it in an atmo sphere of a non reactive gas Such as argon, helium, or the like. The temperature for heat processing should be deter mined appropriately in consideration of the boiling point of the dispersion medium (i.e. in consideration of its vapor pressure), and in consideration of the ambient pressure and the thermal behavior of the minute metallic particles; and it is considered to be particularly desirable to employ a tem perature of less than or equal to 400°C. This is because, if, for example, other semiconductor elements or aluminum lead wires, or a protective layer or an insulating layer or the like made from resin, is formed upon the base 53, then, by keeping the processing temperature less than or equal to 400° C., it is possible to keep the thermal influence upon such elements sufficiently low.
As the heating method for this heat processing, apart from conventional processing with a hot plate or an electric oven or the like, it is also possible to utilize processing by lamp annealing. If heat processing with a hot plate or an electric oven or the like is utilized, suitable conditions therefor may be a heat processing temperature of for example, 300° C. and a processing time of 30 minutes. By forming the first electrode 2 under conditions of this sort, it becomes possible to obtain a first electrode 2 of a thickness of for example, about 0.1 um.
Furthermore, as the light source for the light which is employed for Such lamp annealing, while this is not par ticularly limited, it is possible to utilize as this light source, for example, an infrared lamp, a Xenon lamp, a YAG laser, an argon laser, a carbonic acid gas laser, or an excimer laser which utilizes XeF, XeC1, XeBr, KrF, KrC1, ArF, ArC1 or the like. Generally these light sources have output powers in the range from 10 W to 5000 W, but, for this preferred embodi ment, it is considered that the range from 100 W to 1000 W will be sufficient.
(A Method of Manufacture of the Dielectric Layer)
Next, as a precursor material for manufacturing the Pb(ZrTi,M)O, (where M is at least one material selected from Nb, Ta, and V, and x+y+Z=1), a metallic salt, such as a metallic alkoxide or a carbonic acid salt or the like, is prepared for each of these metallic elements, thus including the metallic material which is included in each one of these oxides, i.e. Pb, Zr, Ti, and M (which is at least one selected from Nb, Ta, and V). Furthermore, apart from these, Si is prepared, for example as lead silicate. In addition, these metallic compounds are mixed together so that the compo sition ratio of Zr and Ti and M in the Pb(Zr,Ti,M)O, satisfies 0.2(x+y)s 0.9, and also x/ys 1.5, and moreover the ratio between the mole amount of Pb and the mole amount of (Zr--Ti--M) (i.e. the total of the mole amounts of Zr, Ti, and M) becomes 1:1. Furthermore, the lead silicate is mixed in as well, so that the amount of lead does not violate the conditions, and so that, in the dielectric layer which is finally obtained, the Si is included in a range greater than or equal to 0.1 mole percent and less than or equal to 10.0 mole percent. Furthermore, for the precursor compound which is mixed in in this manner, in order to be able to provide a material which is suitable for discharge by the droplet discharge method, it is desirable to prepare the liquid material in Sol form by adding an appropriate solvent or dispersion medium or the like Such as, for example, an alcohol type compound or the like. Next, the liquid material in sol form which has been prepared in this manner is deposited (painted) upon the first electrode 2 by the discharge head 34 so as to have an even thickness.
And next, the solvent in the liquid material is eliminated by drying at a predetermined temperature for a predeter mined period of time. Furthermore, after this drying, the resultant dried material is grease-removed for a predeter mined time period (for example, 30 minutes) at a predeter mined high temperature (for example, 400° C.) under atmo spheric pressure conditions, and thereby the organic component which is coordinated in the metallic material is separated by heat, so that the metallic material is oxidized and is converted into metallic oxide. And a layer of metallic oxide of the desired thickness is formed by repeating these deposition, drying, and grease-removing processes a prede termined number of times.
After this, heat processing is performed in an RTA (Rapid Thermal Annealing) oven while flowing oxygen over the workpiece at a predetermined temperature, for example, a temperature less than or equal to 450° C., and desirably a temperature between 400° C. and 450° C., and more desir 13 ably a temperature of 450° C., and thereby the metallic oxide is fired, and, as shown in FIG. 4C, a dielectric layer 3 of thickness about 0.2 um is formed over the first electrode 2. By thus performing heat processing at a temperature less than or equal to 450° C., in particular if other semiconductor elements or lead wires or the like are formed upon the base 53, it is possible to reduce the thermal influence which is exerted upon them. Furthermore, this heat processing need not be performed in an RTA oven; other means may be employed.
There is a possibility that, when forming the dielectric layer 3 from this liquid material in sol form in this manner, the liquid material may spread out during discharge, which is undesirable, so that it may become difficult to obtain the desired shape, in other words to cover the entire surface of the first electrode 2 almost completely.
In order to prevent this occurring, before forming the dielectric layer 3 in this manner, it would be acceptable to form, upon the surface of the base 53 (the interlayer insu lating layer 52) upon which the first electrode 2 has been formed, a liquid repellent section which has low affinity with respect to the liquid material in Sol form-for example, to form a self organizing layer using fluoroalkylsilane.
(Another Method of Manufacture of the Dielectric Layer)
It would also be possible for the principal component of the dielectric layer 3 not to be the above described Pb(Zr Ti,M)O, (where M is at least one selected from Nb, Ta, and V, and X-y+Z-1); for example, it might have, as its principal component, lead zirconate titanium (Pb(ZrTi)O) or barium-strontium titanium oxide (Bai Sr.)TiO).
For example, if a dielectric layer 3 made from Pb(ZrTi) O is to be produced, then, as a precursor material therefor, a metallic salt, Such as a metallic alkoxide or an acetic acid salt or the like, is prepared for each of these metallic elements, thus including the metallic material which is included in each one of these oxides, i.e. Pb, Zr, and Ti.
Then, these metallic compounds are mixed together so that the composition ratio of Pb and Zr and Ti in the Pb(ZrTi)O, becomes a predetermined ratio which is set in advance. Furthermore, for the precursor compound which is mixed in in this manner, in order to be able to provide a material which is suitable for discharge by the droplet discharge method, it is desirable to prepare the liquid material in Sol form by adding an appropriate solvent or dispersion medium or the like Such as, for example, an alcohol type compound or the like.
Next, the liquid material in sol form which has been prepared in this manner is deposited (painted) upon the first electrode 2 by the discharge head 34 so as to have an even thickness.
And next, the solvent in the liquid material is eliminated by drying at a predetermined temperature (for example, 200° C.) for a predetermined period of time (for example, 10 minutes). Furthermore, after this drying, the resultant dried material is grease-removed (pre-fired) for a predetermined time period (for example, 10 minutes) at a predetermined high temperature (for example, 400° C.) under atmospheric pressure conditions, and thereby the organic component which is coordinated in the metallic material is separated by heat, so that the metallic material is oxidized and is con verted into metallic oxide. And a layer of metallic oxide of the desired thickness is formed by repeating these deposi tion, drying, and grease-removing processes a predeter mined number of times.
After this, heat processing is performed in, for example, an RTA oven while flowing oxygen over the workpiece at a predetermined temperature, for example, a temperature between 350° C. and 450° C., for a period of, for example, ten minutes, and thereby the metallic oxide is fired, and, as shown in FIG. 4C, a dielectric layer 3 of thickness about 0.2 um is formed over the first electrode 2. It is desirable to perform this heat processing at a temperature which is low enough for the resulting dielectric layer not to crystallize completely, in order that this dielectric layer should not exhibit any electrical hysteresis. Furthermore, it is desirable to utilize a heat processing temperature of not more than 450° C., in order not to impart any undesirable thermal influence upon the base 53.
(A Method of Manufacture of the Liquid Repellent Section)
For forming this liquid repellent section, as shown for example in FIG. 5, a self organized layer 1001 made from fluoroalkylsilane or the like is formed upon the surface of the base 53, in other words upon the surface of the first electrode 2 and upon the exposed surface of the inter-layer insulating layer 52, so as to have a predetermined contact angle with respect to the liquid material in sol form. It is desirable for this contact angle to be greater than or equal to 20° and less: than or equal to 60°.
An organic molecular layer for processing the Surfaces of the first electrode 2 and the interlayer insulating layer 52 is made as a self organized molecular layer, for example a mono-molecular layer which bonds to both their surfaces, and includes a first functional group which is capable of bonding to the Surfaces, a second functional group which reforms the surface characteristics of a lyophilic base or a liquid repellent base or the like at its other side, in other words which controls the Surface energy, and a linear carbon chain or a partially branched carbon chain which connects together these first and second functional groups.
As the self organized layer 1001, this is a layer which is made from bonding functional groups which are capable of reacting with the constituent atoms of the first electrode 2 and the interlayer insulating layer 52 which constitute the backing layer, and, apart from this, linear chain molecules; and which is made by orienting this compound, which has extremely high orientability due to the mutual action of the linear chain molecules. Accordingly, the layer thickness of this self organizing layer 1001 becomes extremely thin due to the fact that it is made by orienting individual molecules, and furthermore this layer becomes uniform at the molecular level. Moreover, since the same molecules are positioned at the Surface of this layer, this means that uniform and excellent liquid repellence or liquid attraction are presented there.
Fluoroalkylsilane (FAS) may appropriately be employed as this compound having high orientability, in other words as the compound for manufacture of the self organized layer, due to the reasons that it offers good adhesion upon the side of the base 53, and good liquid repellence, and so on. If 15 fluoroalkylsilane is utilized, uniform liquid repellence is presented at the surface of the self organized layer 1001, since this layer is formed by orienting each molecule so as to position the fluoro-alkyl base at the surface of the layer.
AS Such a type of fluoroalkylsilane, for example, there may desirably be employed hepta-deca-fluoro-1.1.2.2 tetra hydro-decyl-triethoxy-silane, hepta-deca-fluoro-1.1.2.2 tetra-hydro-decyl-trimethoxy-silane, hepta-deca-fluoro-1,1, 2.2 tetra-hydro-decyl-trichloro-silane, tri-deca-fluoro-1,1, 2.2 tetra-hydro-octyl-triethoxy-silane, tri-deca-fluoro-1,1, 2.2 tetra-hydro-octyl-trimethoxy-silane, tri-deca-fluoro-1,1, 2.2 tetra-hydro-octyl-trichloro-silane, tri-fluoro-propyl trimethoxysilane, or the like. Furthermore while, during use, a single compound (FAS) may be utilized individually, it would also be acceptable to utilize two or more compounds (FAS) together.
For manufacturing this type of self organized layer 1001, the source compound (FAS) and the base 53 are put into the same closed container. When this has been done, one pos sible procedure is to leave them there for two to three days at room temperature, and thereby the self organized layer 1001 is formed upon the base 53. On the other hand, another possible procedure is to maintain the entire closed vessel at a temperature of 100° C., and in this case the self organized layer 1001 is formed upon the base 53 in about three hours.
Furthermore, instead of this method of manufacture from the gaseous phase, it is also possible to form the self organized layer 1001 from the liquid phase. For example, it is possible to make the self organized layer 1001 upon the base by immersing the base in a liquid which contains the Source compound, by washing it, and by drying it.
Furthermore, it is desirable, before manufacturing the self organized layer 1001, to perform pre-processing by irradi ating the base surface with ultraviolet light, or by washing it with a solvent.
By doing this, and by thus making the Surface of the first electrode 2 and the surface of the interlayer insulating layer 52 to be liquid repellent, in particular it is made difficult for the liquid material in sol form, when it has been deposited upon the surface of the first electrode 2, to spread out over the surface, and thereby it is possible to prevent the liquid material from spreading out as far as the Surface of the interlayer insulating layer 52 and creating a layer thereupon, which would be undesirable, and which would make the dielectric layer 3 which was obtained deviate greatly from the desired shape, which also would be undesirable.
Furthermore, in order to obtain the desired shape for the dielectric layer 3, in other words in order to obtain a shape for it which covers almost the entire surface of the first electrode 2, it is best to form the liquid repellent section upon, at least, the Surface of the interlayer insulating layer 52 (the base 53) all around the periphery of the first electrode 2. If this is done, it is not absolutely necessary to make the surface of the first electrode 2 as a liquid repellent section; for example, it would also be acceptable to make a section of it as a liquid attraction section (i.e. as a section whose affinity to the liquid material in sol form is high).
In order to make the surface of the first electrode 2 be a liquid attraction section, for example, ultraviolet light or the like may be irradiated upon the self organized layer 1001 through a mask (not shown in the figures) which is formed with an opening pattern which corresponds to the desired pattern, in other words to the shape of the surface of the first electrode 2. When this is done, the self organized layer 1001 is eliminated in the region which has been irradiated with ultraviolet light, and, for example, the hydroxyl base is exposed at the Surface. By doing this, this portion exhibits an Furthermore, it would also be acceptable to form a second self organized layer in a region in which the FAS of the type previously described has been eliminated. As a compound for forming this second self organized layer as well, a substance is utilized which, just like the FAS, has a bonding functional group and a functional group which reforms the Surface, and the self organized layer is made by bonding the bonding functional group to a hydroxyl base or the like of the base surface. However, as the functional group which reforms the surface of this second self organized layer, there is utilized a substance which exhibits lyophilicity, which is different from the FAS, or a substance whose bonding power with the minute metallic particles is strong; and, in concrete terms, an amino base or a thiol base or the like is utilized.
By forming the second self organized layer in this manner, it becomes possible to form a dielectric layer 3 of the desired shape by depositing the liquid material in Sol form upon the first electrode 2 in a more reliable manner. Furthermore, the adhesion between the dielectric layer 3 which is obtained and the first electrode 2 is also enhanced. As a compound for forming the second self organized layer in this manner, there may be suggested 3-mercapto-propyl-triethoxy-silane.3mercapto-propyl-trimethoxy-silane, 3-amino-propyl-tri ethoxy-silane.3-amino-propyl-trimethoxy-silane, or the like. (A Method of Manufacture of the Second Electrode)
After having made the layers up to and including the dielectric layer 3 in this manner, next, as shown in FIG. 4D , the second electrode 4 is formed upon this dielectric layer 3. For forming this second electrode 4, it is possible to employ almost the same formation method as the method for form ing the first electrode 2, described above. In other words, liquid material which includes minute metallic particles is deposited upon the dielectric layer 3 by utilizing a droplet discharge method (an inkjet method) using the discharge head 34, and, after this, the second electrode 4 is made by performing sintering upon the minute metallic particles by executing heat processing. And the capacitor 1 (1a, 1b) is obtained in this manner.
These minute metallic particles which are included in the liquid material, in other words the minute metallic particles which constitute the material for formation of the second electrode 4, consist of one or a plurality of types of material selected from platinum, iridium, ruthenium, gold, silver, and the like, just as was the case with the first electrode 2. Furthermore, as well, in particular, it is desirable to perform the heat processing at a temperature of 400° C. or less.
Furthermore, before manufacturing this second electrode 4, it would also be acceptable to perform a step of manu facturing a liquid repellent section similar to the one which was performed as a pre-processing stage before manufac turing the dielectric layer 3. In other words, it would be acceptable to form a liquid repellent section from fluoro alkylsilane (FAS) or the like, as described previously, over the surface of the dielectric layer 3 and the surface of the interlayer insulating layer 52, in order to prevent the liquid material from spreading out, so that the second electrode 4 is formed selectively over the dielectric layer3. Furthermore it would be acceptable, when forming the first electrode 2 as previously described as well, before forming it, to form a liquid repellent section upon the surface of the base 53 (the interlayer insulating layer 52) as well. Moreover, when forming these liquid repellent sections as pre-processing stages before forming each of these electrodes 2 and 4 in this manner, it would also be acceptable to form liquid attraction sections by irradiation with ultraviolet light or the like, as previously described, in particular for the locations upon which the liquid material is to be directly deposited.
Yet further, it would also be acceptable to form the first electrode 2 and the second electrode 4, not by employing a droplet discharge method as described above, but by employing a deposition method or a spattering method or the like.
When the second electrode 4 has been manufactured in this manner, the semiconductor device 50 is obtained by forming a lead wire which connects to this second electrode 4, and a protective layer and an insulating layer and the like to cover over the whole.
With the capacitor 1 which has been produced in this manner, the permittivity of the dielectric layer 3 is high due to the fact that its principal component is Pb(Zr,Ti,M)Os, so that this capacitor I which comprises this dielectric layer 3 of high permittivity can have a higher capacitance as compared to a prior art type capacitor; or, to put it in another manner, if one is designing a capacitor to have the same capacitance as one designed according to the prior art, then it becomes possible to make such a capacitor more compact. Furthermore since, with the above described method of manufacture of Such a capacitor 1, the liquid material in Sol form is deposited by a droplet discharge method, and the dielectric layer 3 is formed by subjecting it to heat process ing, accordingly the necessity for a large scale layer forma tion device is eliminated, and also it is possible to anticipate a reduction in the overall cost of the process, since it is possible to make gains from the point of view of efficiency of raw material utilization and energy consumption. More over, since by depositing the liquid material in the desired position it becomes unnecessary to perform patterning by etching, accordingly the dielectric layer is no longer dam aged as a result of Such etching, and it is possible to anticipate an enhancement of its characteristics. Yet further, since as described above it is possible to form a dielectric layer 3 which has high permittivity, accordingly it becomes possible to increase the capacitance of the capacitor 1, and/or to make it more compact.
Furthermore, for a semiconductor device which incorpo rates Such a capacitor 1, since it has become possible to make the capacitor 1 more compact because it includes the dielectric layer 3 which is of high permittivity, accordingly it is also possible to make the semiconductor device 50 itself more compact. Moreover, since in particular this dielectric layer 3 is manufactured by employing a droplet discharge method, it becomes possible to reduce the cost yet further.
In addition, it is possible to manufacture different types of capacitors 1 separately upon the same plane, since these capacitors 1 are manufactured by utilizing a droplet dis charge method. Accordingly as compared to, for example, the prior art manufacture of a capacitor internal to a circuit and a capacitor which is fitted externally, by applying the process for manufacture of a capacitor according to the present invention, it is possible to manufacture these capaci tors easily and moreover at a lower cost. In particular, although it may happen that the capacitance which is required from such a capacitor which is to be utilized internally to the circuit and the capacitance which is required from a capacitor which is fitted externally are different, it is possible to implement this easily when manufacturing these capacitors: for example by utilizing, as materials for manu facturing their dielectric layers, ones which have different permittivity. Next, the present invention will be explained in more concrete terms in terms of preferred embodiments thereof,
In preferred embodiments, a capacitor 1 such as the one shown in FIG. 1 was manufactured based upon the process for manufacture shown in FIGS. 4A to 4D.
First, a liquid material in which minute particles of platinum (Pt) were dispersed was discharged by a droplet discharge method, using the above described discharge head 34, in a predetermined position upon an interlayer insulating layer 52 of a base 53 which was made from polyimide, and furthermore, by performing heat processing for 30 minutes at a temperature of 300°C. with a hot plate, a first electrode 2 with a thickness of 0.1 um was produced.
Next, liquid repellence processing with fluoroalkylsilane (FAS) was performed upon the surface of the base 53 (the interlayer insulating layer 52) including this first electrode 2.
Next, a liquid material which included a precursor com pound of Pb(Zr,Ti,Nb)O, (where x+y+z=1, and x/y=0.67) was deposited upon the first electrode 2 by a droplet dis charge method, using the discharge head 34. In this precur Sor compound, a metallic alkoxide of each of the metallic substances, i.e. of Pb, Zr, Ti, and Nb, was utilized, and they were mixed together so that the mole ratios of the metals therein were equal to predetermined ratios, and the resultant material was prepared as a liquid in Sol form. Furthermore, a lead silicate was prepared with the objective of adding Si, and this lead silicate was added to the above described liquid material so that the Si component became 4 mole percent.
Next, drying and grease-removing were performed upon the liquid material which had thus been deposited upon the first electrode 2. And, after repeating the operations of deposition of the liquid material, drying it, and grease removing it a predetermined number of times, heat process ing was performed at a temperature of 450° C. in an RTA oven while flowing oxygen over the workpiece, and thereby the metallic oxides were fired and a dielectric layer 3 of about 0.2 Lum in thickness was formed over the first electrode 2.
Next, a liquid material in which minute particles of platinum (Pt) were dispersed was discharged over the dielec tric layer 3 by a droplet discharge method, and then heat processing was performed, so as to manufacture a second electrode 4 of thickness about 0.1 um, which consisted of a Pt layer just as did the first electrode 2; and thereby the capacitor 1 was obtained.
In order to check the characteristics of capacitors 1 which were obtained in this manner, the following experiments were performed. Experimental Example 1
As liquid materials which were to be used when forming dielectric layers 3 for which the principal component was to be Pb(Zr,Ti,Nb)O, (where x+y+z=1, and x/y=0.67), such materials were prepared with the mixture ratio of the metal lic alkoxide adjusted so that the parameter Z/(x+y) varied from 0 to 1. Furthermore the amount of lead silicate which was added was, in each case, 4 mole percent, so that each of these mixture materials conformed to the preferred embodi ment described above.
After this, a plurality of types of dielectric layer were manufactures using these mixture materials, and the permit tivity (6) of each of these dielectric layers which had been manufactured was measured. The results obtained are shown in FIG. 6 as a graph of the relationship between the parameter (Z/(x+y)) and the permittivity (6). As shown in FIG. 6, when Z/(x+y) was equal to 0, i.e. when no Nb was added, the permittivity was about 200; but, in the range 0.2s Z/(x+y)s 0.9, it exhibited a high value greater than or equal to 500. Accordingly, it was determined that the permittivity was increased by adding Nb. Further more, in particular in the range 0.4s Z/(x+y)SO.8, the per mittivity exhibited a value which was close to 1000. On the other hand, with 0.9s Z/(x+y), it was seen that the permit tivity deteriorated. This deterioration of the permittivity was considered to be due to increase of the leakage current.
In this connection, it was considered that the reason that such a high permittivity was obtained by low temperature firing at such a low temperature like 450° C. was that the dielectric layer which was obtained consisted of a mixed state in which crystalline layers were dispersed within the amorphous phase. Furthermore the presence of crystalline layers was also confirmed by TEM observation.
Furthermore, at this time, the amount of polarization P varied linearly with respect to change of the Voltage, and no hysteresis was seen Such as with a strong dielectric; instead, the characteristic of a normal dielectric appeared. It is considered that this is due to the fact that, in particular, the crystalline phase was not generated in a continuous state between the first electrode 2 and the second electrode 4, but was generated in a discontinuous state. Furthermore, with regard to the mole ratio between the Zr and the Ti, there appeared hardly any difference in the permittivity of the dielectric layer which was obtained, provided that x/ys 1.5. Experimental Example 2
With the above described preferred embodiment, for a liquid material for forming the dielectric layer 3, in other words for a material with principal component consisting of Pb(Zr,Ti,Nb)O, (where x+y+z=1, Z/(x+y)=0.6, and X/y=0.67), and with lead silicate added in 4 mole percent, the relationship between the firing temperature and the permit tivity of the dielectric layer 3 which was obtained was investigated. The results which were obtained are shown in FIG. 7. As will be understood from FIG. 7, when the firing temperature was 500° C., a high permittivity was obtained.
However, from the results of X axis diffraction for the dielectric layer which was obtained by firing at this type of high temperature, it was also understood that the perovskite phase appeared, and a strong dielectric hysteresis character istic was observed in the relationship between the amount of polarization P and the applied Voltage. Accordingly, it is considered that, if this dielectric layer were to be utilized in a capacitor, the behavior of the capacitor would become hard to control, and furthermore that there would be undesirable results from the point of view of the energy losses becoming great, and the like. Accordingly, with the present invention, it is desirable for the firing temperature to be 450° C. or less, and in particular it is desirable for it to be in the range from 400° C. to 450° C. By controlling the firing temperature in this manner, it is possible to control the permittivity of the dielectric layer which is obtained.
Experimental Example 3
As liquid materials which were to be used in the preferred embodiment when forming dielectric layers 3 for which the principal component was to be Pb(Zr,Ti,Nb)O, (where X/y=0.67), such materials were prepared for investigation with the moleratio of the Si which was added as lead silicate varying from 0 mole percent to 5 mole percent. After this, various types of dielectric layer were manufactured by utilizing these materials, and the permittivity (6) of each of the dielectric layers which was thus manufactured was investigated. The results which were obtained are shown in FIG. 8 as a graph of the relationship between the amount of silicate added (in mole percent) and the permittivity (6). Furthermore, liquid materials whose satisfied the condition (Z/(x+y))=0.6 were considered, and that the firing tempera ture was 450° C. From FIG. 8 it will be understood that, for a dielectric layer which was made without adding any silicate, its permittivity was about 120, while the permittivity attained a value of near 1000 merely as a result of adding 1 mole percent of silicate. Furthermore, it can be seen that, even when further silicate was added, the permittivity hardly changed at all. So that it is apparent that the characteristic was saturated.
Since, in this manner, it is seen that the permittivity changed abruptly even when Such a small amount of silicate as for example 1 mole percent was added, it is considered that the Si (the silicate) acted as a catalyst during firing, as previously described, and that thereby the crystalline phase can be obtained even at a low temperature.
Furthermore, within the above range in which the amount of added silicate was varied, no Substantial hysteresis was seen in the relationship between the amount of polarization of the dielectric layer which was obtained and the applied Voltage. Accordingly it is considered that, within this range for the amount of added silicate, the crystalline phase did not exist continuously between the first electrode and the second electrode, but rather was formed in the discontinuous state.
Furthermore, for the purposes of comparison, a dielectric layer was formed by the same method as the one of the preferred embodiment from Pb(Zr,Ti,)O, (where x/y=0.67), without adding any Si (silicate), and by firing at 450° C. When the permittivity (6) of the dielectric layer which was obtained was measured, it was found to be about 80. Accordingly, the beneficial effects with regard to enhancing the permittivity of adding Nb were verified, since even with, for example, the case of the dielectric layer shown in FIG. 8 in which the amount of added silicate was 0 mole percent, the permittivity was about 120, which is higher as compared with this comparison example.
From the above results it will be understood that by 5 adding Nb, and by further adding silicate as well, it is 50 55 60 65 possible to obtain a high permittivity even with firing at a low temperature of 450° C. or lower, and that moreover the leakage characteristics are enhanced.
Moreover it was seen that, by the addition of the silicate, as compared to the case in which no silicate was added, the change of the permittivity with respect to change of tem perature and change of frequency was reduced, and in fact the permittivity was almost constant in the range from -30° C. to +100° C., and in the range from 1 kHz to 1 MHz. Furthermore, although in the above experimental examples Nb was utilized as the M in the Pb(Zr,Ti,M)Os, it would also be acceptable to utilize Ta or V instead, and in Such a case it is considered that the same beneficial results would be obtained.
Furthermore if, instead of platinum Pt) being used for the electrodes, iridium (Ir), ruthenium (Ru), gold (Au), or silver (Ag) were used, it is considered that the same beneficial results would be obtained. Furthermore, in order to obtain a higher capacitance, it would also be acceptable to manufacture the capacitor by mutually Superimposing several electrode layers and several dielectric layers in an alternating manner. As has been described above, by utilizing the capacitor according to the present invention as, for example, a capaci tor which is fitted internally to a circuit, instead of a prior art type capacitor, it is possible to make the semiconductor device which is thereby obtained of higher performance and more compact, since the dielectric layer of this capacitor has high permittivity. Furthermore, it may of course also be utilized as a capacitor which is fitted externally, and in this case as well it is possible to anticipate high performance of the resulting semiconductor device, as well as enhanced compactness thereof. Yet further, although it may happen that the individual capacitance which is required may be different between a component which is utilized by being fitted internally to a circuit and a component which is utilized by fitted externally, nevertheless it becomes pos sible, simply by controlling the amount of Nb which is added and the firing temperature, to control the permittivity of the dielectric layer which is obtained, and accordingly it becomes possible to employ the capacitor according to the present invention in various types of application. Further more, if the firing temperature is to be varied, naturally, it is desirable to make that capacitor or capacitors for which the firing temperature is to be the higher, first.
In addition, in particular, by manufacturing the capacitors 1 by utilizing a droplet discharge method, it is possible to manufacture different types of capacitors separately upon the same plane, and accordingly, as compared to, for example, the prior art manufacture of a capacitor internal to a circuit and a capacitor which is fitted externally, by applying the process for manufacture of a capacitor accord ing to the present invention, it is possible to manufacture these capacitors easily and moreover at a lower cost.
While preferred embodiments of the invention have been described and illustrated above, Furthermore these are exemplary of the invention and are not to be considered as limiting. Additions, omissions, Substitutions, and other modifications can be made without departing from the spirit or scope of the present invention, Accordingly, the invention is not to be considered as being limited by the foregoing description, and is only limited by the scope of the appended claims. 2. A capacitor according to claim 1, wherein Si is added to the dielectric layer.
3. A capacitor according to claim 2, wherein the Si is added to the dielectric layer as a metallic silicate in an amount greater than or equal to 0.1 mole percent and less than or equal to 10.0 mole percent. 4. A capacitor according to claim 2, wherein said Si is added to said dielectric layer as a metallic silicate in an amount greater than or equal to 0.5 mole percent and less than or equal to 8.0 mole percent. 5. A capacitor according to claim 1, wherein the dielectric layer is in the amorphous phase, or is in a mixture of the amorphous phase and the crystalline phase.
6. A capacitor according to claim 1, wherein the dielectric layer is in a mixture of the amorphous phase and the crystalline phase, and the crystalline phase is formed in a discontinuous state between the first electrode and the second electrode. 7. A semiconductor device comprising a capacitor accord ing to claim 1. 8. A capacitor according to claim 1, wherein XZ0, y>0, and Z>0. 9. A capacitor according to claim 1, wherein X/ys 1.5. 10. A capacitor according to claim 2, wherein said Si is added to said dielectric layer as a metallic silicate in an amount greater than or equal to 1.0 mole percent and less than or equal to 5.0 mole percent. 
